Introduction {#sec1}
============

Glioma is a common malignant tumor of the central nervous system. According to previous studies, glioma accounts for 50--80% of brain tumors \[[@B1]\]. Currently, glioma can be staged to I--IV in accordance with the World Health Organization (WHO) 2016 classification, and higher stages indicate increased malignancies \[[@B2],[@B3]\]. Among which, the WHO stage IV glioma, also known as glioblastoma, is the most malignant glioma. The median survival of patients with glioblastoma is \<15 months \[[@B4],[@B5]\]. Clinically, the WHO stage system is commonly used for prognostic prediction in glioma patients. However, it has been suggested that prognostic prediction in glioma patients may be complicated, and the prognosis in patients with same WHO stage glioma can vary dramatically \[[@B6],[@B7]\]. Therefore, uncovering novel prognostic factors remains important for improving the quality of care for glioma patients.

Cancer stem cells (CSCs) refer to a small proportion of cancer cells which have the capacities of self-renewal and multidifferentiation \[[@B8],[@B9]\]. Current evidence indicates that CSCs play important roles in tumor progression, metastasis, recurrence, resistance to chemotherapy or radiotherapy, and an overall poor prognosis \[[@B10],[@B11]\]. Previous studies showed that CSCs are characterized by higher expressions of certain molecules, which are collectively termed as CSC marker molecules \[[@B12],[@B13]\]. Increasing evidence indicates that CD44 family is one of the most common CSC markers. Pathophysiologically, CD44 is involved in the processes of cell growth, survival, differentiation, motility, tumor growth, proliferation, and metastasis \[[@B14]\]. Moreover, higher expression of tumor CD44 has been associated with poor prognosis in patients with various cancers, such as non-small cell lung cancer \[[@B15]\], gastric cancer \[[@B16]\], hepatocellular carcinoma \[[@B17]\], colorectal cancer \[[@B18]\], renal cell carcinoma \[[@B19]\], breast cancer \[[@B20]\], ovarian cancer \[[@B21]\], head and neck cancer \[[@B22]\], and osteosarcoma \[[@B23]\]. However, the association between higher expression of CD44 and the overall survival (OS) in patients with glioma showed inconsistent results \[[@B24]\]. Some studies demonstrated that higher tumor expression of CD44 was associated with poor OS in patients with glioma \[[@B25]\], while others did not show a significant association \[[@B28]\]. Moreover, one of the studies even showed that higher tumor expression of CD44 may be associated with improved OS in glioma patients \[[@B35]\]. Since the sample sizes of such studies are limited, they may be too underpowered to show a significant association between tumor CD44 levels and the prognosis in glioma patients. Therefore, we performed a meta-analysis to quantitatively summarize the predictive power of tumor CD44 expression for OS in patients with glioma.

Methods {#sec2}
=======

This meta-analysis was designed, performed, and reported in accordance with the Meta-analysis of Observational Studies in Epidemiology \[[@B36]\] and Cochrane's Handbook \[[@B37]\] guidelines.

Literature search {#sec2-1}
-----------------

The PubMed, Embase, and the Cochrane's Library electronic databases were queried for relevant studies using the terms 'CD44', combined with 'glioma', 'glioblastoma', 'glial cell tumor', or 'astrocytoma' from inception to 26 December 2019. The search was limited to human studies published in English or Chinese. The references of the original and review articles were also manually analyzed for possible studies.

Inclusion and exclusion criteria {#sec2-2}
--------------------------------

Studies were included if the following criteria were fulfilled: (1) full-length article in English or Chinese; (2) included patients with histopathologically diagnosed glioma; (3) observed the association between tumor CD44 expression and OS of the patients;reported hazard ratios (HRs) and 95% confidence intervals (CIs) for poor OS during a follow-up in patients with higher vs. lower CD44 level in tumor, or the data were efficient to estimate the HR and 95% CIs from the survival analysis. Reviews, preclinical studies, and duplicate reports were excluded.

Data extraction and quality assessment {#sec2-3}
--------------------------------------

Database search, data extraction, and quality evaluation were independently performed by two authors. Discrepancies were resolved by discussion with the corresponding author. Data containing the study characteristics (name of the first author, study design, publication year, and location), patient characteristics (age, gender of the patients, and WHO grade of glioma), CD44 measurements (methods and cut-off values), characteristics of survival analysis (HR reported in the context or estimated via the survival curve, univariate or multivariate analyses), median follow-up durations, and variables adjusted for when presenting the results were extracted. Some of the published articles did not provide HR and 95% CI directly. In such cases, two reviewers independently digitized and extracted the data through the Kaplan--Meier survival curves using GetData Graph Digitizer 2.24 (<http://getdata-graph-digitizer.com>), and then reconstructed the HR and its variance (GraphPad Software, Inc.). We assessed the quality of the included studies using the Newcastle--Ottawa Scale \[[@B38]\], which judges each study according to three domains: selection of the study groups; the comparability of the groups, and the ascertainment of the primary outcome.

Statistical analyses {#sec2-4}
--------------------

Meta-analyses were performed to summarize the association between tumor miR-210 expression and the risk of poor OS outcome. HR and the corresponding standard errors (SEs) were estimated from 95% CIs or *P*-values, and were logarithmically transformed to obtain a normal distribution \[[@B37]\]. The Cochrane's Q test and *I^2^* test were performed to evaluate the heterogeneity \[[@B39]\]; an *I^2^* \> 50% indicates significant heterogeneity. A random-effect model was applied if significant heterogeneity was detected, otherwise, a fixed-effect model was applied \[[@B37]\]. A predefined subgroup analysis was performed to evaluate the influence of study characteristics on the outcome, including patient ethnicity, sample size, WHO grade, CD44 detection method, CD44 cutoff, HR estimation, univariate or multivariate analysis, and median follow-up durations. Medians were used as cutoffs for grouping according to continuous variables. Potential publication bias was assessed by the visual examination of funnel plots for symmetry, as well as the Egger regression asymmetry test \[[@B40]\]. The RevMan (Version 5.1; Cochrane Collaboration, Oxford, U.K.) and STATA software (Version 12.0; Stata Corporation, College Station, TX) were used for the statistical analyses.

Results {#sec3}
=======

Results of literature search {#sec3-1}
----------------------------

As shown in [Figure 1](#F1){ref-type="fig"}, 891 studies were initially identified by the database search, and 866 were subsequently excluded based on the content of the titles and/or abstracts, mainly because they were not relevant to the purpose of this meta-analysis. The remaining 25 studies underwent full-text review. Of them, 14 studies were further excluded; four were preclinical studies, two did not include patients with glioma, four did not report the outcome of OS, three did not measure tumor expression of CD44, and one was a repeated report of an included study. Finally, 11 studies \[[@B25]\] were included for subsequent meta-analysis.

![Flowchart of the database search and study identification](bsr-40-bsr20200520-g1){#F1}

Study characteristics and quality evaluation {#sec3-2}
--------------------------------------------

The characteristics of the included studies are displayed in [Table 1](#T1){ref-type="table"}. Since one study reported datasets in patients with stage II--III glioma and glioblastoma independently, we included these datasets separately \[[@B26]\]. Overall, this meta-analysis included 967 patients with glioma from 11 retrospective cohort studies (12 datasets) performed in China \[[@B27],[@B35]\], Japan \[[@B25],[@B26]\], Russia \[[@B32]\], Spain \[[@B34]\], Germany \[[@B33]\], Sweden \[[@B29]\], Italy \[[@B30]\], France \[[@B31]\], and Argentina \[[@B28]\]. All the studies were published in English. The amount of included patients varied from 13 to 280, with mean patient ages varying from 52 to 67 years. Eight datasets included patients with glioma \[[@B25],[@B26],[@B30]\], while two datasets included patients with WHO grades II--III glioma \[[@B26],[@B27]\], and the remaining two included patients with WHO grades II--IV glioma \[[@B28],[@B29]\]. For seven studies, glioma tissue CD44 expression was measured by immunohistochemistry \[[@B28],[@B34],[@B35]\], while for the rest studies, quantitative reverse transcription polymerase chain reaction (qRT-PCR) was applied \[[@B25],[@B33]\]. The median of CD44 expression values were used as cutoff for patient grouping in seven studies \[[@B25],[@B31],[@B35]\], while for the remaining four studies, CD44 expression of \>70--75% was used as the cut-off value \[[@B28],[@B34]\]. Data of HRs and 95% CI were reported in seven studies \[[@B26],[@B27],[@B31]\] and were estimated from survival curves in four studies \[[@B25],[@B28]\]. Multivariate analyses adjusted for age, gender, and treatments were applied in six studies when reporting the association between CD44 level and OS \[[@B26],[@B27],[@B31]\], while the other five studies used univariate analyses \[[@B25],[@B28],[@B35]\]. The median follow-up durations varied from 15 to 40 months. The Newcastle--Ottawa scale varied from 5 to 8 in the included studies ([Table 2](#T2){ref-type="table"}), indicating moderate overall quality.

###### Characteristics of the included studies

  Study               Country     Study design   Sample size   Mean age   Male   WHO grade   CD44 detection method   CD44 cutoff   HR estimation    Survival analysis   Median follow-up duration   Variables adjusted
  ------------------- ----------- -------------- ------------- ---------- ------ ----------- ----------------------- ------------- ---------------- ------------------- --------------------------- ---------------------------------------
  Rauuncolo, 2002     Argentina   RC             84            52.1       61.9   II--IV      IHC                     \>70%         Survival curve   Univariate          40                          NA
  Wei, 2010           China       RC             42            NR         78.6   IV          IHC                     Median        Reported         Univariate          18                          NA
  Sooman, 2014        Sweden      RC             97            59.5       56.7   III--IV     IHC                     \>75%         Survival curve   Univariate          15                          NA
  Guadagno, 2016      Italy       RC             25            60.3       72     IV          IHC                     \>70%         Survival curve   Univariate          30                          NA
  Pinel, 2017         France      RC             122           60.3       66.3   IV          IHC                     Median        Reported         Multivariate        16                          Age, gender, and treatments
  Tsidulko, 2017      Russia      RC             74            52.0       52     IV          IHC                     Median        Reported         Multivariate        20                          Age, gender, Ki67, and treatments
  Nishikawa, 2018     Japan       RC             13            NR         NR     IV          qRT-PCR                 Median        Survival curve   Univariate          18                          NA
  Bien-Möller, 2018   Germany     RC             77            67.0       64.9   IV          qRT-PCR                 Median        Reported         Multivariate        26                          Age, gender, and treatments
  Alameda, 2019       Spain       RC             280           59.0       58.6   IV          IHC                     \>70%         Reported         Multivariate        16                          Age, gender, KPS, and treatments
  Hou, 2019           Japan       RC             112           NR         51.8   II--III     qRT-PCR                 Median        Reported         Multivariate        32                          Age, gender, KPS, IDH, and treatments
  Dong, 2019a         China       RC             16            NR         42.7   II--III     qRT-PCR                 Median        Reported         Multivariate        36                          Age, gender, and KPS
  Dong, 2019b         China       RC             38            NR         61.1   IV          qRT-PCR                 Median        Reported         Multivariate        36                          Age, gender, and KPS

The study Dong 2019 included stratified datasets in patients with WHO grade II--III glioma and glioblastoma, which were included in the meta-analysis separately.

Abbreviations: IDH, isocitrate dehydrogenase; IHC, immunohistochemistry; KPS, Karnofsky Performance Scale; NA, not applicable; NR, not reported; RC, retrospective cohort.

###### Details of quality evaluation by the Newcastle--Ottawa Scale

  Studies             Representativeness of the exposed cohort   Selection of the non-exposed cohort   Ascertainment of exposure   Outcome of interest not present at baseline   Adjustment of age and gender   Adjustment of other confounding factors   Assessment of outcome   Follow-up long enough   Adequacy of follow-up of cohorts   Total
  ------------------- ------------------------------------------ ------------------------------------- --------------------------- --------------------------------------------- ------------------------------ ----------------------------------------- ----------------------- ----------------------- ---------------------------------- -------
  Rauuncolo, 2002     0                                          1                                     1                           1                                             0                              0                                         1                       1                       1                                  6
  Wei, 2010           0                                          0                                     1                           1                                             0                              0                                         1                       1                       1                                  5
  Sooman, 2014        0                                          1                                     1                           1                                             0                              0                                         1                       1                       1                                  6
  Guadagno, 2016      0                                          1                                     1                           1                                             0                              0                                         1                       1                       1                                  6
  Pinel, 2017         1                                          0                                     1                           1                                             1                              1                                         1                       1                       1                                  8
  Tsidulko, 2017      1                                          0                                     1                           1                                             1                              1                                         1                       1                       1                                  8
  Nishikawa, 2018     0                                          0                                     1                           1                                             0                              0                                         1                       1                       1                                  5
  Bien-Möller, 2018   0                                          0                                     1                           1                                             1                              1                                         1                       1                       1                                  7
  Alameda, 2019       1                                          0                                     1                           1                                             1                              1                                         1                       1                       1                                  8
  Hou, 2019           0                                          0                                     1                           1                                             1                              1                                         1                       1                       1                                  7
  Dong, 2019a         0                                          0                                     1                           1                                             1                              1                                         1                       1                       1                                  7
  Dong, 2019b         0                                          0                                     1                           1                                             1                              1                                         1                       1                       1                                  7

The study Dong 2019 included stratified datasets in patients with WHO grade II--III glioma and glioblastoma, which were included in the meta-analysis separately.

Expression of CD44 and OS in glioma patients {#sec3-3}
--------------------------------------------

The pooled results of the 12 datasets from the 11 studies with a random-effect model showed that higher tumor CD44 expression significantly predicted the poor OS in patients with glioma during follow-up (HR: 1.42, 95% CI: 1.02--1.97, *P*=0.04; [Figure 2](#F2){ref-type="fig"}) with significant heterogeneity (*P* for Cochrane's Q test = 0.02, *I^2^* = 51%). Subgroup analyses showed that the association between tumor CD44 expression and poor OS may be different according to the WHO stages of the tumor. Specifically, higher tumor CD44 expression significantly predicted poor OS in patients with WHO stages II--III glioma (HR: 2.99, 95% CI: 1.53--5.89, *P*=0.002; *I^2^*=0%), but not in patients with glioblastoma (HR: 1.26, 95% CI: 0.76--2.08, *P*=0.47; *I^2^*=55%). The difference between the subgroups was significant (*P*=0.03; [Table 3](#T3){ref-type="table"}). Results were not statistically different between subgroups according to study characteristics such as patient ethnicity, sample size, CD44 detection method, CD44 cutoff, HR estimation, univariate or multivariate analysis, or median follow-up durations (*P*-values for subgroup difference all \>0.10; [Table 3](#T3){ref-type="table"}).

![Forest plots for the meta-analysis of the prognostic efficacy of tumor CD44 for OS in patients with glioma](bsr-40-bsr20200520-g2){#F2}

###### Subgroup analyses

                                  OS                                       
  ------------------------------- ---- --------------------- ----- ------- ------
  **Ethnicity**                                                            
    Non-Asian                     7    1.28 \[1.01, 1.61\]   0%    0.04    
    Asian                         5    1.80 \[0.67, 4.81\]   78%   0.24    0.50
  **Sample size**                                                          
    \>80                          5    1.45 \[1.12, 1.89\]   0%    0.005   
    ≤80                           7    1.39 \[0.73, 2.64\]   67%   0.32    0.89
  **WHO grade**                                                            
    II--III                       2    2.99 \[1.52, 5.89\]   0%    0.002   
    IV                            8    1.26 \[0.76, 2.08\]   55%   0.37    0.03
  **CD44 detection method**                                                
    IHC                           6    1.21 \[0.75, 1.95\]   52%   0.45    
    qRT-PCR                       6    1.72 \[1.03, 2.89\]   57%   0.04    0.32
  **CD44 cutoff**                                                          
    IHC                           8    1.63 \[0.86, 3.08\]   69%   0.14    
    qRT-PCR                       4    1.33 \[1.02, 1.74\]   0%    0.03    0.57
  **HR estimation**                                                        
    Survival curve                4    1.41 \[1.06, 1.87\]   4%    0.02    
    Reported                      8    1.41 \[0.81, 2.46\]   63%   0.22    0.99
  **Survival analysis**                                                    
    Multivariate                  7    1.68 \[1.06, 2.64\]   35%   0.03    
    Univariate                    5    1.20 \[0.72, 2.01\]   67%   0.49    0.34
  **Median follow-up duration**                                            
    \>20 months                   6    1.46 \[0.97, 2.20\]   42%   0.07    
    ≤20 months                    6    1.40 \[0.77, 2.54\]   64%   0.28    0.90

Publication bias {#sec3-4}
----------------

The funnel plots for the meta-analysis of the prognostic efficacy of tumor CD44 level for poor OS are shown in [Figure 3](#F3){ref-type="fig"}. The funnel plots were determined to be symmetrical based on visual inspection, suggesting low risk of publication bias. The result of the Egger's regression test for the meta-analysis also demonstrated similar result (*P*=0.37).

![Funnel plots for the meta-analysis of the prognostic efficacy of tumor CD44 for OS in patients with glioma](bsr-40-bsr20200520-g3){#F3}

Discussion {#sec4}
==========

In the present study, by pooling the results of available cohort studies, we found that higher tumor expression of CD44 is a prognostic factor for poor survival in patients with glioma. Subsequent subgroup analyses showed that disease stages may affect the potential prognostic efficacy of tumor CD44 expression for the survival in patients with glioma. Specifically, the predictive efficacy of higher CD44 tumor expression for poor OS may be significant in patients with WHO stage II--III glioma, but not for those with glioblastoma (WHO stage IV). In addition, the association between higher expression of CD44 and poor survival in patients with glioma does not seem to affect by study characteristics such as patient ethnicity, sample size, CD44 detection method, CD44 cutoff, HR estimation strategy, univariate or multivariate analysis, or median follow-up durations. Taken together, these results demonstrated that higher tumor expression of CD44 may predict poor survival in patients with glioma, particularly in those with WHO stage II--III glioma. These findings should be validated in large-scale prospective cohort studies, and the clinical importance of tumor CD44 for the risk stratification and treatment of glioma deserve further investigation.

To the best of our knowledge, this is the first meta-analysis to evaluate the predictive value of higher tumor CD44 expression for the prognosis in patients with glioma. The potential association between higher tumor expression of CD44 and overall poor prognosis in patients with glioma could be explained by the roles of CD44 in the proliferation, invasion, metastasis of glioma, and resistance to chemotherapy and radiation therapy \[[@B24]\]. CD44, as a cell membrane glycoprotein, exerts diverse cellular processes including cell motility, proliferation, apoptosis, and angiogenesis, via binding extracellular ligands, principally hyaluronic acid (HA). Increased expression of CD44 has been early confirmed in human glioma cells as compared with normal brain tissue, and suppression of CD44 expression decreases migration and invasion of human glioma cells \[[@B41]\]. In another study, depletion of CD44 was shown to block glioblastoma growth and sensitizes glioblastoma cells to cytotoxic drugs *in vivo*, and CD44 functions upstream of the mammalian Hippo signaling pathway in glioblastoma cells \[[@B42]\]. Moreover, tumor expression of CD44 is shown to be up-regulated during glioma progression in the brain, which may aid in tracing and targeting the invading glioma cells \[[@B43]\]. Importantly, a subsequent study showed that CD44 transduces HA-based stiffness cues, temporally precedes integrin-based adhesion maturation, and facilitates invasion, demonstrating that the HA-CD44 axis is critical for cell adhesion, invasion, and mechanosensing of an HA-based matrix in glioma \[[@B44]\]. Stemness of cancer cells has been associated with poor survival \[[@B45]\]. It was shown that CD44 modulates the hypoxic response of glioma cells and that the pseudo-hypoxic phenotype of stem-like glioma cells is achieved by stabilization of hypoxia-inducible factors-2α through interaction with CD44, thereby contributing to the stemness of glioma cells \[[@B46]\]. These studies highlight the multiple roles of CD44 in the pathogenesis and invasion of glioma, and the potential therapeutic significance of CD44 depletion for patients with glioma. Further studies are needed to determine the key signaling pathways underlying the role of CD44 in glioma, which may be helpful to develop the CD44-based target therapy for patients with glioma.

Our subgroup analysis showed that the predictive efficacy of higher CD44 tumor expression for poor OS may be significant in patients with WHO stage II--III glioma, but not for those with glioblastoma. The potential mechanisms underlying these findings remain unclear. However, from a clinical perspective, since the median survival in patients with WHO stage II--III glioma is generally longer than those with glioblastoma, introducing additional risk stratification factors besides WHO grade system may be more important in those with stage II--III glioma as compared with patients with glioblastoma. A previous study showed that the expression of CD44 in glioblastoma may be heterogeneous, and the tumorigenicity of primary GBM differs between CD44^low^/CD133^high^ and CD44^high^/CD^133^low for gene expression profiles \[[@B47]\]. Subsequently, the molecular heterogeneity among tumors may affect the prognostic value of CD44 in glioblastoma \[[@B25]\]. The exact mechanisms underlying the potential difference between the prognostic power of higher tumor CD44 expression for survival in patients with WHO stage II--III glioma and in those with glioblastoma deserve further investigation.

The strengths of our study include extensive literature search, rigorous meta-analysis according to the MOOSE and Cochrane's guidelines, and comprehensive subgroup analyses. However, our study has the following limitations which should be noted when interpreting the results. First, only 11 studies with 12 datasets were included. The number of available studies remains small. Therefore, results of subgroup analyses should be interpreted with caution. Large-scale cohort studies are needed to confirm our results. Second, only retrospective cohort studies were included in the meta-analysis, which may be confounded by limitations such as recall bias. Therefore, prospective studies are needed to validate these findings. Third, significant heterogeneity existed among the included studies. Although subgroup analyses showed that WHO stages of the diseases might contribute to the heterogeneity, results of subgroup analyses should be treated cautiously since the limited studies available for each stratum. Besides, other factors, such as comorbidities of the patients, cancer treatments, and cut-off value to determine the increased tumor CD44 expression may also contribute to the heterogeneity. However, since these factors were rarely reported in each study, we were unable to evaluate the potential prognostic role of tumor CD44 expression for survival according to these characteristics. Future studies are warranted. In addition, since the cut-off values for grouping patients with higher or lower tumor CD44 varied among the studies, it may lead to heterogeneity. The optimal tumor CD44 cut-off values for the prognosis prediction in patients with glioma should be determined in future studies. Finally, the potential therapeutic significance of CD44 as a treatment target for glioma also should be determined in the future.

In conclusion, results of meta-analysis showed that higher tumor expression of CD44 may predict poor survival in patients with glioma, particularly in those with WHO stage II--III glioma. These findings should be validated in large-scale prospective cohort studies, and the clinical role of CD44 for glioma deserves further investigation.
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